where v m is the viscous flow velocity and n the permeability coefficient of the model for the distance 2a. For a two-dimensional seepage process, the scale transfer from a seepage medium to model dimensions of the geometric parameter, l, and of the values of the hydraulic pressure, h, (expressed as pressure height) provides the possibility to investigate the seepage process characteristics in a given scale. Keeping an equal scale for the geometric and hydraulic conditions (3) where l and h are the real parameters and l m and h m are the parameters of the model, a hydraulic resemblance is obtained for the depression line (the flow surface), for the flow lines and for the equipressure lines in the filtration area. The viscous modelling method provides advantages compared to other methods -the electric analogy and the numerical one.
The exact determining of the permeability coefficient is important for calculating the water discharge, Q, flowing through a given cross-sec- tion, as well as the seepage velocity. The methodological problems related to the accuracy of the applied viscous modelling are considered on the basis of a concrete model describing the seepage process under the influence of an alternate irrigation drainage system.
EXPERIMENTAL METHODS

A MODEL OF AN ALTERNATE IRRIGATION HORIZONTAL DRAINAGE
The alternate irrigation drainage systems for regulation of the groundwater level are applied in regions with changing climatic-meteorological conditions. During the precipitation periods this type of drainage is used for dewatering, and during the draught periods capillary moistening is performed above the decreased depression surface in the plant-root zone of the soil layer by pumping water under pressure in the drainage pipes [1, 2, 4] .
The study of the alternate irrigation drainage was performed by mathematical (numeric) [3, 4] and analogue (viscous) models. These models describe the seepage process in a vertical cross-section of a two-layer hydrogeological medium consisting of a 5 m thick upper slightly permeable layer (permeability coefficient k = 1 m/day) and a 5 m thick lower strongly permeable layer (permeability coefficient k = 100 m/day). The drainage pipe is modelled at a depth of 1.4 m under the surface of the terrain (pipe diameter 0.1 m).
The mathematical model is based on orthogonal discretization of the filtration area and is solved by the well-known finite-difference method [2, 3, 4] . The depression line is obtained by an iterative procedure. The hydraulic conditions considered in the mathematical and viscous models are shown schematically in Fig.1 . The viscous model should be considered as a criterion for the accuracy of the mathematical one, since it allows to compare the values of the calculated drainage discharge and the form of the depression lines (Fig.2 ). The depression line and the flow lines under natural conditions are obtained directly by means of the scale coefficient of the geometric parameters, α l . The ratio, α Q , between the flowing water through a given cross-section (flow discharge, Q) and the corres-166 Applied Rheology July/August 1999 The explanation of relation (4) (discussed in [5] and [11] ) will not be considered here. The permeability coefficient of the model, n, in Eq.4 is determined by (5) where η is the dynamic viscosity, ρ the density of the model fluid, a the half-distance between the two parallel plates of the viscous model, and g the acceleration of gravity.
In case that the viscous model is used to carry out variant investigations on seepage flow when some parameters of the model have to be changed, the basic problem is to compare the measured discharges. This requires to keep a constant value of n, respectively of η and ρ. The realisation of a given series of experiments lasts usually for a period of days, when the model fluid parameters η and ρ are changed due to the changes of the atmospheric temperature and humidity. Even keeping constant atmospheric temperature, which requires a special equipment cannot ensure the constant values of η and ρ [6] . These values are changed because of the contact of the viscous fluid with atmospheric air.
The experimental procedure described further on and the processing of the obtained results, are an illustration of the possibility to overcome the difficulties ensuing from the changes in the model fluid parameters in the course of experimental work, as well as to determine some specific quantities (e.g. pipe permeability) using viscous models.
EXPERIMENTAL EQUIPMENT
Glycerine was chosen as a modell viscous fluid because it is easily washed away from the model Fig. 2) and has a relatively high viscosity. The specific viscous behaviour of glycerine (namely the drop in dynamic viscosity due to hygroscopicity) was taken under consideration [7] . The rheological measurements were performed in a Rheotron Brabender rotational viscometer for a temperature range from 20 to 27°C with steps of 1°C using the coaxial cylinder geometry. The generally accepted procedures were followed [8] [9] [10] .
The viscous model was elaborated in a scale α l =20. The distance between the parallel plates in the zone of the slightly permeable layer was 2a = 0.22 cm. According to the known relationship for the size of the distances in the case of different filtration coefficients, the corresponding distance for the strongly permeable lower layer was determined by 2a' = 1.02 cm [5] . The following variants of changing the parameters were A steady-state seepage process was simulated with 75 combinations between the above mentioned parameter values.
EXPERIMENTAL PROCEDURE
The investigation of the three distances between drainages was performed by means of a single model constructed initially for the greatest distance b m /2 = 75 cm. After the completion of the first stage of the experiments the model was subsequently cut to the smaller lengths of 43 and 25 cm, respectively. In this way, the 167 Applied Rheology July/August 1999 preparation of three different models and hence the eventual experimental error due to differences in the distance between the parallel plates, was avoided. The duration of testing the variants was about 2 months -July and August. The laboratory temperature in this period changed within the interval 20 -25°C. The experiments were started using pure glycerine with a density ρ = 1.257 g/cm 3 and dynamic viscosity η = 1.3 Pas (corresponding to a temperature of 20°C and moisture content, w, of approximately 0.92 %). Because of hygroscopicity, the cyclic use of glycerine and its contact with the atmosphere in the laboratory led to decrease in viscosity in the very beginning of the experiments.
Glycerine exhibits Newtonian behaviour in the studied temperature range within the time scale of the rheological experiment. As pointed out in the previous paragraph its dynamic viscosity changes due to its hygroscopicity and sharp decrease of viscosity is observed with the increase of moisture content [7] . The data in Fig.3 show the application of the superposition principle in the case of T = 20°C and w = 0.92 % which was used as reference moisture content, w 0 . It can be shown that all flow curves for different moisture content (up to 6.5 %) coincide in a single master curve when shifted by lg a w . The lg a w dependence on w -w 0 (the difference between the real moisture content, w, and the reference one, w 0 ) is linear in the range studied and is shown as an inset graph in Fig.3 . The same holds true for the temperature dependence lg a T versus T -T 0 (the reference temperature is T = 20°C for each of the moisture contents). The complex shift factor is for glycerine for several subsequent days is shown in Fig.4 . The considerable decrease in viscosity is obvious and, consequently, the permeability coefficient of the model according to Eq. 5 and hence the transfer coefficient, α l , from Eq. 4 obtain correspondingly different values. Two procedures are used in order to transform the results from the measurements to an equal basis: -Reducing the viscosity to an equal temperature, for example 20°C. So, if during the i th day from the beginning of experiment the discharge, Q i t , has been measured for a temperature of T, the discharge for a temperature of 20°C is calculated according to the expression (7) -Reducing the viscosity to its initial value η 0 so that the expression for the discharge acquires the form (8) In this way it is possible to reduce and compare the measured data of different discharges, Q i t , to one reference value, Q 0 20 . More general, the parameters η and ρ depend on the temperature and moisture content of glycerine. The existing reference data [7] and the performed experiments provide the possibility to determine the relationship between the dynamic viscosity and moisture content of glycerine, as well as the dependence of the density on moisture content and temperature (Fig.4) . It is seen from both the reference data [7] and the data in Fig.4 that moisture content exerts considerable influence on viscosity and has a negligible effect on density. For example, the changes in η and ρ are shown for two cases: for unused glycerine at T = 20°C (η 0 20 = 1.3 Pas; w 0 20 =0.92%; ρ 0 20 =1.257 g/cm 3 ) and for used glycerine (i days) at temperature T = 25°C (η i 25 =0.472 Pas; w 1 25 =4.02 %; ρ i 25 =1.247 g/cm 3 ). In this way, according to Eq. 8 the coefficient for the discharge, Q i 25 , becomes 0.37. This example proves the considerable effect of the multiplier η i 25 / η 0 20 and the negligible effect of the multiplier ρ i 25 / ρ 0 20 . For this reason, the correction of the measured discharges was performed using the corresponding measured values of the dynamic viscosity η i t . It should be mentioned that during the realization of the whole series of experiments, glycerine was changed several times because of its relatively high hygroscopicity.
The difference between the measured discharges, Q i t , and the reduced to the reference value discharges, Q 0 20 , is shown in Table 1 and Fig. 5 for several tests, modelling the alternate operation of the drainage with b m /2 = 25 cm (real distance between the drainage pipes b = 10 m). The lines in Fig. 5 connect the drainage discharges, Q, obtained for a constant hydraulic pressure, h'', at the boundary between the two layers (see Fig.1 ) -h'' = 50, 46.5 and 43 cm as well as for different hydraulic pressure in the range from 43 to 50 cm in the drainage pipe.
ON THE SIMULATION OF THE DRAINAGE PIPE HYDRAULIC PERMEABILITY
The principal model for alternate irrigation drainage is described in detail in Diankov et al. [2] [3] [4] . It takes under consideration the characteristics of the process connected with the seepage flow through a drainage pipe. In this case the flow depends on the hydraulic permeability S of the pipe, which depends on its construction as pipe diameter and type of drainage filter. In order to compare the numerically simulated seepage process with the process described by the viscous analogy method, it is necessary to determine the value of hydraulic permeability of the drainage pipe and to adequately introduce this value in the mathematical model. For this purpose a model device ( Fig.6 ) was made for determining the permeability of the viscous model S mD (pipe diameter D = 0.5 cm). The experiments with different pressure values, ∆h, show that the relationship between the flowing discharge, Q mD , and the created pressure, ∆h, is linear (inset graph in Fig. 6 ).
Taking into account the preliminary condition for similarity of the laminar filtration process described by the mathematical and viscous models and using the relationships from Eq. 4 and Eq. 5, we obtain for α s :
(10) The value of α s = 10.9 is calculated from the data for the particularly considered model, reduced to equal dimensions: k = 1 m/day, v = 89 m 2 /day, a = 5.5 10 -4 m, g = 7.323 10 10 m/day 2 . The permeability of the real drainage accepted in the mathematical model is: S = α s S mD = 2.35 m 2 /day. This value is introduced in the mathematical model.
COMPARISON OF THE RESULTS OBTAINED FROM THE NUMERICAL AND VISCOUS MODELS
The mathematical model of alternate irrigation drainage is described in detail in [2] [3] [4] and will not be discussed here. As mentioned in paragraph 2.1 the mathematical model is based on orthogonal discretization of the filtration area and is solved by the well-known finite-difference method [1] and the depression lines are obtained by an iterative procedure. The drainage discharges and the depression line co-ordinates were obtained for the real conditions by means of this model and the developed software [3] . In this study the results are shown in the reverse manner using the reciprocal value of the transfer coefficient, α Q ' = 1/α Q , to correlate the data obtained from the mathematical model to the data obtained from the viscous one. All data from the mathematical model, reduced to the size of the viscous one, are presented in Fig.7 . The coincidence of the results from both methods is very good. This proves the reliability of the mathematical model.
CONCLUSIONS
The applied method for elimination of the effect of external atmospheric factors on the quality of the used fluid (glycerine) is easily realised under laboratory conditions and ensures the accuracy of the method. Consequently, the described method can be used for testing the accuracy of other methods. Except for the possibility of describing the seepage process as a whole, the viscous modelling provides the possibility of determining specific local characteristics as the drainage pipe permeability, S. The substitution of the S value in the numerical model allows the verification of the mathematical model. The described method of the viscous analogy for investigation of seepage processes exhibits qualities which are not possessed by other methods. For this reason, within the frames of its specific possibilities, it can be used as a criterion for the accuracy of other methods, especially numerical methods.
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